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ABSTRACT The catalytic role of the cofactor phosphate moiety at the active site of glycogen phosphorylase has been the subject of many
investigations including solution-state high-resolution 31P-NMR studies. In this study the pyridoxal phosphate moiety in both the inactive
and active forms of microcrystalline phosphorylase b has been investigated by high-resolution 31p magic-angle spinning NMR. The
symmetry of the shielding tensor in model compounds at varying degrees of ionization is investigated and the results indicate a marked
difference between the dianionic and monoanionic model compounds. Consequently, the observed similarity in the principal tensor
components describing the shielding tensor of the phosphorus nuclei present at the active site of both the R- and T-state conformations
suggests that there is no change in ionization state upon activation in contrast to suggestions based upon isotropic shifts. Since previous
relaxation measurements have pointed to the need to consider motional influences in such systems, several plausible models are
considered. Subject to the assumption of congruency between the principal axis system describing the shielding interaction and a
molecular frame determined by the molecular symmetry axes, we conclude that the phosphate cofactor is dianionic in both forms.
INTRODUCTION
Solid-state 31P-NMR spectroscopy has wide potential in
the study of biological systems and has already provided
new insights concerning conformation and internal mo-
tion in powder samples of hydrated DNA (Opella et al.,
1981; Diverdi and Opella, 1981), oriented DNA fibers
(Shindo and Zimmerman, 1980; Nall et al., 1981), en-
zyme-bound inhibitors (McDermott et al., 1990), phos-
pholipids (Griffin, 1976; Griffin et al., 1978), and other
complex biochemicals. In particular, the study of highly
oriented DNA fibers by 3"P-NMR spectroscopy has
proved a powerful method for deducing the backbone
conformation and motions therein, especially under
highly hydrated conditions where x-ray diffraction is less
useful. The technique also provides a bridge between so-
lution 3"P-NMR data and structures determined by x-ray
crystallography.
This investigation concerns a solid-state 3"P-NMR
study of the essential pyridoxal phosphate (PLP) cofac-
tor present at the active site ofglycogen phosphorylase b,
a key enzyme in metabolism responsible for the phos-
phorolysis of glycogen (Fletterick and Sprang, 1979;
Johnson et al., 1989). The essential nature of this cofac-
tor, and particularly of its phosphate moiety have been
confirmed by studies in which the cofactor has been re-
moved and replaced with various analogues. This has
permitted a variety of studies aimed at elucidating the
catalytic role of the phosphate moiety, in particular in
the determination of its ionization state and its ability to
act as an essential proton shuttle during catalysis. Solu-
tion 31P-NMR studies have been widely used to address
these questions (Feldmann and Hull, 1977; Withers et
al., 1981; Hoerl et al., 1979; Withers et al., 1985). Chemi-
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cal shifts observed for the enzyme in its inactive (T-
state) and active (R-state) conformations suggest that
the phosphate moiety exists as a dianion in the active
R-state form and as a monoanion in the inactive T-state
form, suggesting that the activation of the enzyme (ac-
complished by binding of the nucleotide activator AMP
or its thiophosphate analogue, AMPS) is accompanied
by a deprotonation of the coenzyme phosphate. Similar
changes were observed as a consequence of the covalent
activation of the enzyme via phosphorylation, generat-
ing phosphorylase a. Activation is accompanied by a
high frequency chemical shift change of - 3 ppm, which
is essentially identical to the shift change observed upon
deprotonation of the free PLP monoanion.
It has been tacitly assumed in most such studies that
differences in the 3'P-NMR chemical shifts of the coen-
zyme phosphate between the T- and R-states are entirely
a consequence of the influence of a protonation/depro-
tonation event. However, this assumption is undoubt-
edly too simplistic. In the solution state, the isotropic
shifts of phosphates are essentially governed by the ir-
bond order, the electronegativity ofthe substituents and
the O-P-O bond angles (Lechter and Van Wazer, 1965;
Lechter and Van Wazer, 1967; Constella et al., 1976).
While the relative importance of such terms has been a
question of debate (Gorenstein, 1975; Gorenstein,
1984), it is clear that any geometrical differences that
may result on conversion from the T- to the R-state con-
formation would be expected to influence the chemical
shifts. Indeed, a recent analysis of the 31P shielding ten-
sors of a wide variety ofphosphate compounds (Un and
Klein, 1989) has established linear correlations between
the principal values of the shielding tensor and the O-P-
0 bond angles and bond lengths. In addition, any
changes that result in charge redistribution at the active
site might also be expected to lead to a change in the 31p
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isotropic shift. Indeed, differences in charge density at
the phosphate moiety in the T- and R-states are expected
since crystallographic studies ofthe T- to R-state conver-
sion indicate that the side chain ofArg 569 displaces the
side chain of Asp 283 upon activation (Withers et al.,
1982; Barford et al., 1988; Johnson et al., 1990). This
could either result in deprotonation of the phosphate (if
previously protonated) to preserve charge neutrality, or
result in chemical shift changes due to the changes in
local charge density.
Clearly, without a more precise understanding of the
phenomena involved and a quantitative evaluation of
the effect on the 3"P-isotropic shift, the information de-
duced from the solution-state spectra will remain ambig-
uous. In this study, high resolution 31P-MASNMR is
used to obtain the shielding tensor components of the
phosphate moiety of free pyridoxal phosphate in various
stages of ionization in the solid state and the results are
compared with similar data for the cofactor in both the
inactive and active forms ofphosphorylase b. The princi-
pal components describing the shielding tensor interac-
tion allow comparison of the symmetry of the electron
density distribution existing at the phosphorus nucleus
of the model compounds with that in the two forms of
phosphorylase.
Previous studies (Kohler and Klein, 1976; Herzfeld et
al., 1978; Tutanjian et al., 1983; McDowell et al., 1988)
have established the congruency of the principal axes
describing the shielding tensor interaction and the molec-
ular frame, and have been interpreted on the basis that
the shielding tensor correlates with the ground state elec-
tronic distribution of the phosphate monoester groups.
For example, the phosphorus nuclei of the dianionic
forms of phosphate monoesters have been shown by
both single-crystal studies (McDowell et al., 1988) and
static studies of powder samples (Terao et al., 1977) to
exhibit axial symmetry, with the unique principal shield-
ing component parallel to the P-O(R) bond. In the case
ofthe monoanionic forms ofphosphate monoesters, sin-
gle-crystal studies of cytidine 5'-monophosphate indi-
cate that the least shielded component of the shielding
tensor lies primarily in the RO-P-OH plane containing
the two longest P-O bonds, and that the most shielded
component of the shielding tensor lies essentially in the
plane containing the two shortest P-O bonds where mul-
tiple-bond character is expected (Tutanjian et al., 1983).
In particular, analysis of single-crystal and powder sam-
ples reveals that the shielding tensor symmetry ofmono-
anionic forms of phosphate monoesters is lower than
that observed for the dianionic forms. This study as-
sumes that only a minor perturbation ofthe ground state
electronic distribution of the phosphorus nucleus may
arise from either geometrical differences between the T-
and R-states, or by differences in charge density. Thus,
while a shift to high frequency of a particular shielding
component by -9 ppm, or a shift of all the shielding
components by -3 ppm to high frequency might be pre-
dicted from either the geometrical or electronic pertur-
bations, the overall symmetry of the shielding tensor is
relatively unperturbed. The recent study by Un and
Klein (1989), which establishes linear relationships be-
tween the various principal shielding tensor elements
and O-P-O bond angles and P-O bond lengths, suggests
that very modest changes in such parameters can ac-
count for a 3-ppm shift ofthe isotropic resonance. Thus,
the pseudo-Cs symmetry existing at the phosphorus nu-
cleus in the case of the monoanion, and the pseudo-C3,
symmetry in the case ofthe dianion are essentially unin-
fluenced by such changes, ensuring a very different elec-
tronic distribution at both nuclear sites (Buckingham
and Malm, 1971) . The same study suggests that, in gen-
eral, the symmetry ofthe shielding tensor is not strongly
influenced by the counter-ion.
EXPERIMENTAL
The PLP monosodium and disodium model com-
pounds were obtained from the free acid by titrating so-
lutions with sodium hydroxide to pH 4.0 and 8.0, respec-
tively, followed by lyophilization. Rabbit muscle glyco-
gen phosphorylase b was purified as described previously
(Fischer and Krebs, 1962), but using dithiothreitol in-
stead of cysteine, and recrystallised at least three times
before use. Adenosine 5 '-O-monophosphate was re-
moved by dialysis against large volumes of triethanola-
mine buffer. Crystalline samples of T-state enzyme were
obtained by seeding of a solution of phosphorylase b
(16.7 mg/ml-') in a buffer containing 1 mM EDTA, 5
mM DTT, 10 mM 2-[bis(2-hydroxyethyl)amino]-
ethanesulphonic acid, pH 6.7, containing glucose (50
mM), with a highly diluted suspension ofseeds obtained
by grinding tetragonal crystals ofphosphorylase b (John-
son et al., 1974; Kasvinsky and Madsen, 1976). Micro-
crystalline R-state phosphorylase b was obtained from
solutions of phosphorylase b ( 16 mg/ml -1) in a buffer
containing 100 mM potassium chloride, 50 mM
triethanolamine, 1 mM DTT, 10 mM magnesium ace-
tate, 0.4 mM adenosine 5'-O-thiomonophosphate, pH
6.8. The protein microcrystals were packed into the ro-
tor using an Eppendorf centrifuge followed by spinning
the rotor in the probe at several kHz for 15 min and
removing the residual buffer by pipette. This process was
repeated several times if necessary to fill the rotor. Ex-
periments on both the T- and the R-states were initially
nonreproducible since the 31P-MASNMR spectrum
sometimes consisted of only isotropic peaks. However,
when the above protocol was followed and the samples
were spun for prolonged periods before the removal of
excess buffer by pipette, a sideband manifold was always
observed. Care was taken, however, to ensure that the
samples were not completely dried out since many pre-
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TABLE 1 Principal components of the 31P-shielding tensors for the model compounds of pyridoxal-5'-phosphate in its different phosphate
ionization states and of the cofactor phosphate at the active site of phosphorylase b in its T- and R-states
Compound U33 O22 all aaniso asoln
PLP-disodium salt 79.5 -14.6 -43.6 108.6 7.1
PLP-monosodium salt 68.1 9.5 -73.0 99.9 1.5
PLP-free acid 67.2 5.5 -78.7 103.8 -2.0
R-state phosphorylase b 70.8 -30.0 -30.0 100.8 3.6 3.8
T-state phosphorylase b* 66.4 -33.9 -33.9 100.3 --0.5, 2.5 0.6
All chemical shift values are quoted in ppm. The shifts were referenced to 85% H3PO4 with the high frequency direction being positive. The
anisotropy is defined as a33 - l/2(a22 + aI). * The shielding tensor components correspond to the peak at -0.5 ppm. Note, however, that a
somewhat greater error is introduced into the measured components for this species with respect to the others listed in the table, given the
assumptions made when deconvoluting the centerband.
vious x-ray crystallographic experiments have demon-
strated the need to keep the crystal "hydrated".
NMR experiments were performed on a Bruker MSL
200 pulse spectrometer with an operating frequency of
81.05 MHz for 31P and 200.13 MHz for 1H. A 31P radio-
frequency field of 50 kHz and a proton decoupling field
of 62.5 kHz were used in the single pulse, proton decou-
pled experiments which were the preferred method of
experimentation. The program used for simulation of
the 3"P-MASNMR spectra incorporated the equations
derived by Herzfeld and Berger ( 1980) using a fast Four-
ier cosine transformation based on the midpoint rule,
and automatic quadrature of a closed type by the Clen-
shaw-Curtis (Kubo and McDowell, 1990) method for
numerical integration. The convention a33 2 a-22 2 all
was used for the assignment ofthe principal tensor com-
ponents obtained from the spectral simulations of the
spinning sideband intensities.
RESULTS AND DISCUSSION
The principal components ofthe 31P shielding tensors of
the model compounds were estimated from the singular-
ities of the static spectra and these values were used as a
starting point in the direct simulation of the MAS spec-
tra. The results obtained by a least squares fit ofthe spin-
ning sideband intensities are shown in Table 1. The di-
protonated form ofPLP was used to complete the series
but is not considered a likely ionization state to be ob-
served in the active site of the enzyme. Consideration of
Table 1 reveals that the shift of the isotropic resonance,
determined by variation in the spinning frequency for a
given compound, as a function of protonation is in
agreement with the behavior observed in the solution
state. Furthermore, the principal components of the
shielding tensors describing the phosphorus environ-
ment in each of the ionization states are in good agree-
ment with values previously reported in the literature
(Duncan, 1990). In particular, the most deshielded com-
ponent (33 is relatively unperturbed by the changes in
ionization state, whereas for the dianion, the a22 compo-
nent moves to lower frequency and the most shielded
component a- to higher frequency. In the limit of axial
symmetry which would be expected for the 31P shielding
tensors of an isolated dianionic phosphate monoester,
a-22 and al- are equivalent and equal to the average ofthe
values typically observed for the monoanion/free acid.
In this case the dianionic model compound deviates
somewhat from axial symmetry, although it is well
known that analysis of the spinning sideband manifold
associated with axial symmetry of the shielding tensor is
not particularly sensitive (Harris et al., 1988; Clayden et
al., 1986). However, the a22 and a-l components have
indeed shifted in the expected directions relative to the
monoanion/free acid forms and deviation from axial
symmetry may be due to perturbing hydrogen bonding
influences with adventitious water molecules. The
shielding tensors extracted for the model dianionic com-
pound are, however, in good agreement with those ob-
tained for guanosine 5'-monophosphate (disodium salt,
heptahydrate) (Un and Klein, 1989) and various other
dianionic phosphomonoesters (Dobson and Taguchi,
personal communication) under MAS conditions.
The spectra observed in Fig. 1, a and b, result from the
application of single pulse 3'P-MASNMR experiments
to the R- and T-states, respectively, of phosphorylase b.
Many thousands of transients were required due to the
low dilution of the phosphorus nuclei in the crystalline
protein sample. For the R-state, an appreciable shielding
anisotropy is observed for both the phosphate moiety of
PLP and the thiophosphate ofAMPS, and the isotropic
shifts are similar to those found in solution. Direct simu-
lation of the spectrum arising from the coenzyme phos-
phate moiety reveals that the best least squares fit is ob-
tained using axially symmetric shielding parameters
which are typical of those previously determined for
dianionic phosphate monoesters. While the accuracy of
the fit may be considered questionable given the pres-
ence of only four sidebands in the 31P-MASNMR spec-
trum, our simulations demonstrate that in this present
case the ratio ofthe intensity ofthe centerband to that of
the -1 sideband is sensitive to the shielding parameters
used in the simulation. This would suggest that the coen-
zyme phosphate is dianionic in the R-state of the en-
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FIGURE I Spectra arising from the application of single-pulse 31p
MASNMR experiments to the study ofactive and inactive phosphory-
lase b are shown in Fig. I a and b, respectively. An exponential line-
broadening factor of 100 was applied for the spectral analysis. Spinning
frequencies in the 2.0-2.2 kHz range and a recycle time of 20 s were
typically used. The isotropic resonances are indicated on the spectra
(*). A total of 29,128 transients were acquired for the active conformer
and 1 1,548 transients in the case of the inactive conformer.
zyme. Such a conclusion, however, makes the assump-
tion that motional averaging does not influence the 31P
MASNMR spectrum ofthe phosphate moiety. The possi-
ble motional influences may be divided into two catego-
ries: (a) motion ofthe microcrystallites themselves facili-
tated by the presence of intercrystalline water. Previous
studies have pointed to the need to examine the crystals
in a hydrated environment and the present method of
study essentially constitutes a closed system; (b) motion
ofthe phosphate moiety at the active site. Recent studies
have indicated that the principal axes describing the 31P
shielding tensor of the phosphate moiety may not be
considered to be rigidly fixed in the sample (Withers et
al., 1985). In particular, such studies have been inter-
preted in terms ofan increased mobility ofthe phosphate
moiety of the T-state relative to the R-state on the T,
time scale. Although the R-state phosphate moiety is rela-
tively immobilized on the T, timescale, this does not
mean that such a moiety is immobilized in an absolute
sense. Indeed, inspection ofthe three-dimensional struc-
ture of phosphorylase by computer graphics confirms
the propensity for motion of the phosphate moiety (the
most likely and simple mode being rotation ofthe phos-
phate moiety about the P-O(R) axis). Furthermore, mo-
tional influences could also arise in a more subtle man-
ner as a result ofexchange ofthe protons associated with
the phosphate moiety with the surrounding lattice. A
situation may be envisaged whereby the deprotonation
and reprotonation events occur simultaneously so that
the net ionization state of the phosphate moiety may be
considered constant, although the reprotonation event
may involve any ofthe available phosphate oxygens with
equal probability. Such a process may clearly be approxi-
mated to a 3-site jump.
The motion in category a may be modelled assuming
isotropic rotational reorientation characterized by a sin-
gle correlation time. Under such conditions, the appear-
ance of the observed spectrum is strongly dependent on
the frequency of motion relative to the spread of the
anisotropic inhomogeneous interaction experienced by
a given nucleus in frequency units for a given rotation
frequency (Fenzke, 1992). In particular, when the mo-
tional frequency exceeds the total shielding anisotropy
(-10 kHz in this present case) the spinning sideband
manifold typically observed in the rigid-lattice limit is
averaged to a single peak at the isotropic shift of the
nucleus. For motional frequencies less than 10 kHz, the
same study suggests that motional influences will only be
evident from the MASNMR spectrum when the mo-
tional frequency exceeds approximately one-tenth ofthe
shift anisotropy. Thus, the observed anisotropy and nor-
mal spectral features observed in this case limit any mo-
tions to frequencies less than 1 kHz if, indeed, they
exist at all.
For the motion in category b, a model assuming aniso-
tropic molecular motion is considered. The presence of
such motion under the coherent averaging process of
MAS can lead to a potentially complex situation. Mo-
tion during the rotor cycle may lead to the destruction of
the coherent averaging process ofMAS to yield a homog-
enous lineshape in the sense used by Maricq and Waugh
( 1979), which serves to complicate the analysis. For sim-
plicity, the assumption is made that the random pro-
cesses governing the motion are such that the motional
frequency greatly exceeds the total shielding anisotropy
(rapid anisotropic molecular motion). In such a case,
only the secular contributions need to be taken into ac-
count and an average Hamiltonian describing the chemi-
cal shift interaction may be calculated.
To derive such a Hamiltonian, we consider first of all
the transformation from the principal axis system (PAS)
describing the shielding tensor interaction to the molecu-
lar motion frame (MOL):
PAS MOL,
where the (ip, 0, 4t) represent the Euler angles for the
transformation.
31P-NMR of the Allosteric Transition in Glycogen Phosphorylase b 487
a




100 50 0 -50 -100
PPM
I I
Challoner et al. 31P-NMR of the Allosteric Transition in Glycogen Phosphorylase b 487
The shielding tensor in the molecular motion frame is
related to the shielding tensor described in the principal
axis system by the following relationship:
a
MOL = R(ep, 0,4)aPAsR l ((p, 0,),
where R( p, 0, 4') is the appropriate rotation matrix for
the Euler angles sp, 0 and 4'. In particular, the Euler angles
(ep, 0) define the transformation aligning 33 in the PAS
with the z-axis of the molecular rotating frame and re-
main fixed throughout the motional process for the cases
of either fast motion about a fixed axis or a 3-site jump.
However, the motion induces a time dependence in
and for the case ofmotion about the z-axis ofthe molecu-
lar motion frame, it is necessary to average over all the
possible 4' to yield:
033 sin2 0 cos2 + sin2 0 sin2 (Pa22 + cOs 0033
022 = 01 '/2(1 COS2 9 sin2 0)o,,
+ 1/2(l - sin2 'p sin2 0) a22 + 1/2 sin22 0'33,
and the anisotropy, &33 - /2( &22 + °l I) iS given by:
'/2(3 COS2 0 -1 )[033 - '/2(,lI + a22)]
+ 3¾4(,ll - 022) sin2 0 cos 2'p.
These expressions are similar to those derived previously
by Mehring et al. ( 1971 ). Identical expressions are de-
rived for a 3-site jump model used to simulate proton
exchange with the surrounding lattice, in which case 4' is
averaged over the relevant discrete angles. Thus, the
rapid anisotropic motion effectively defines a new prin-
cipal axis system which differs from the principal axis
system in the absence of motion in the sense that the
static principal components of the shielding tensor, aii
(i = 1, 2, 3) are scaled by trigonometrical functions of
the Euler angles ('p, 0, 4'). In addition, the "reduced"
principal tensor components of the shielding are now
aligned differently from the static case with 033 directed
along the z-axis ofthe molecular motion frame. Further-
more, the fast anisotropic motion results in an axially
symmetric shielding tensor irrespective of the symmetry
of the shielding tensor in the static case.
To derive the Hamiltonian describing the shielding
interaction, we consider the total transformation from
the frame describing the motionally averaged interac-
tion, MOL, to the laboratory frame (LAB) which may be
performed in two steps through the rotor axis system
(RAS):
( ,A- ) ( Wrt ,0m,° )
MOL -- RAS -. LAB,
where (a, p, y ) are the Euler angles that specify the orien-
tation ofMOL for a particular crystallite relative to the
RAS, and the Euler angles (wrt, Om, 0) relate RAS and
LAB, where Om is the magic angle (54.740) and wr the
spinning frequency.
The relevant spatial part of the interaction in LAB
may be expressed as:
h
-'HC,(t) = wo{(-1/Vi)Aos + F[ACS0( I
Thus, the spatial part consists ofboth time-dependent
and time-independent parts, the time dependence being
introduced by sample rotation. The isotropic part, Acs, is
invariant to sample rotation and it is thus necessary to
evaluate the spherical tensor components, A cs (t), ofthe
shielding tensor which are related to the respective com-
ponents, ACs, in the frame describing the motionally2q'
averaged interaction by the mathematical expression:
+2
Ac(t)c s (Acsmol)D(p2)(a, 3, y)D(2)(Wrt, Omg 0),
qp=-2
where D(2)(x, y, z) are the elements ofthe = 2 Wigner
rotation matrix. Thus, at the magic angle setting:
h Hcs(t) = W- + C, cos (,y + wrt) + S, sin (-y + cort)
+ C2 cos 2(y + wrt) + S2 sin 2(-y + wrt),
where the coefficients ofthe dynamic part ofthe interac-
tion Ci, Si (i = 1, 2) are analogous to expressions derived
by Hezfeld and Berger. For this case of a rotationally
averaged axially symmetric shielding tensor in the fast
motion limit, the coefficients may be evaluated to yield:
-3C,2i/+0 =sin : cos 0[3/4(,,I - 022) sin2 0 cos 2'p
+ '/2(3 cos2 0 1){ 033- '/2(Ol + "22)}],
-3C2
=/2(COS2 341 )[¾(o II-22) sin2 cos 2'p
2w0
+ 1/2(3 cos2 0- 1){ 033
-/2(,lI + a22)}]
and
Si = S2 = 0
The free-induction decay for the entire sample may then
be represented as:
-g( t) = 4 z dQIN exp [-i(W + N,) t ],
where the intensity of Nth sideband, IN, is given by
FN2
and FN=-J dXexp[ i(NX+ 4P(X)]
with 4t(X) =-(.l cos X +-2icos 2X).
Cor 2wr
Thus, an axially symmetric spinning sideband mani-
fold will always be observed for the influence of fast ani-
sotropic motion of the shielding tensor about a unique
axis. However, the sideband manifold will be indepen-
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dent of the frequency of motion so long as the motional
frequency exceeds the total shielding anisotropy. The
possibility thus remain-s that either the dianionic or
monoanionic phosphate moiety may give rise to a spin-
ning sideband manifold characterized by axially symmet-
ric shielding parameters. The shielding parameters ob-
tained by standard analysis ofthe sideband manifold (in
our case, direct simulation) are, however, critically de-
pendent on the Euler angles (sp, 6). Given that we have
defined the most simple (and likely) motion ofthe phos-
phate moiety as (or equivalent to) rotation about the
P-O(R) axis, then evaluation of the angles (p, 6) is de-
pendent upon knowledge concerning the relative orienta-
tion of the principal axis system of the shielding tensor
and the molecular frame. Such information is typically
obtained from single crystal measurements which are a
clearly inappropriate method for the deduction of the
relative orientation of the two frames in this case. With
the assumption that the ground state electronic distribu-
tion of the phosphorus nucleus determines the orienta-
tion of the shielding tensor relative to the molecular
frame (i.e., congruency between the shielding principal
axis system and a molecular frame determined by the
molecular symmetry axes) and a similar geometry ofthe
phosphate moiety present at the active site to that ob-
served in cytidine 5 '-monophosphate (Viswamitra et al.,
1971), then the Euler angles are given by (90, 37.0),
where U22 bisects the bond angle describing the two short-
est P-O bonds and 33 lies in the (R)O-P-O(H) plane.
Substitution ofthese angles and the principal tensor com-
ponents determined from the analysis of the 31p_
MASNMR spectrum of the model monoanion into the
above expression reveals that the reduced axially sym-
metric pattern that would result from such motion has a
significantly lower shielding anisotropy (68 ppm) than
that observed for the phosphate moiety present in R-
state phosphorylase b (100 ppm). The presence of addi-
tional motional modes would be expected to lead to still
further averaging of the shielding anisotropy. It is there-
fore reasonable to conclude that, subject to the above
assumptions, the R-state phosphate moiety exists as a
dianion and not as a highly mobile monoanion. Of
course, it is not possible to differentiate between a mo-
bile and a static dianionic moiety using similar assump-
tions concerning congruency between the principal
shielding tensor components and the molecular sym-
metry axes although this is irrelevant for the purposes of
this study. An objection may be that the assumption of
the above correlation introduces the possibility ofsystem-
atic error into the analysis. However, single crystal stud-
ies of a wide range of phosphodiesters have indicated
that the principal components ofthe shielding tensor are
oriented by at most 150 away from the molecular sym-
metry axes (Herzfeld et al., 1978; Tutanjian et al., 1983;
McDowell et al., 1988). We note, however, that even
allowing for a ±200 systematic error in (sp, 6), our analy-
sis predicts that the observed shielding anisotropy in the
R-state still exceeds the maximum theoretical shift an-
isotropy of a mobile monoanion by the order of 10 ppm
thus reinforcing our interpretation.
For the T-state, two sites were observed in the 31p_
MASNMR spectrum, suggesting heterogeneity in the
enzyme sample, although there is no evidence for this in
the solution state. The (major) lower frequency compo-
nent has a sideband manifold similar to that observed for
the R-state phosphate moiety, but with the isotropic
peak shifted to a lower frequency, as seen in solution.
Direct simulation of such a sideband manifold leads to
axially symmetric parameters with a nearly identical
shielding to that observed for the R-state. In this case,
however, greater error is introduced by the overlap ofthe
spectral intensity of several components in addition to
the uncertainty in the isotropic shift arising from the
uncertainty in the phasing of the overlapping center-
bands. It is however clear that the shielding tensor sym-
metry for the major component in the T-state spectrum
is very similar to the corresponding phosphate moiety in
the R-state spectrum. It would thus seem that the differ-
ences that arise between the isotropic shifts ofthe R- and
T-state phosphate moieties are a consequence of the ei-
ther geometric or electronic influences, and not differ-
ences in the protonation state which would be expected
to lead to significant differences in the shielding tensor
symmetry for the two moieties. Ofcourse, all ofthe argu-
ments concerning motion of the R-state phosphate
moiety apply to the T-state phosphate moiety and we
similarly deduce the ionization state of the phosphate
moiety in this case to be dianionic. The intensity of the
(minor) higher frequency component in the T-state
spectrum is too low to permit an objective evaluation of
the symmetry of its shielding tensor.
In conclusion, our preliminary results illustrate well
the difficulties of obtaining quantitative information
from extremely complex biochemical systems in their
natural hydrated state via theMASNMR technique. Fur-
thermore, when the target nucleus is spatially dilute as in
the case of the phosphorus nuclei in this study (% wt
phosphorus = 0.03), spectral accumulation times be-
come prohibitively long and the further need arises to
consider sample stability. In this case comparison of the
spectra at different stages in a given MASNMR experi-
ment showed no significant changes as a function oftime
within the limits ofpoor signal-to-noise ratio. In spite of
these difficulties, our results lead us to the conclusion
that the phosphorus nucleus of the cofactor phosphate
moiety present at the active site of glycogen phosphory-
lase b in the R-state conformation is characterized by a
similar shielding tensor symmetry to that observed for
the major component of the spectrum corresponding to
the T-state conformation. The origin ofthe minor phos-
phate moiety contribution in the T-state spectrum is un-
known. Our studies of model compounds suggest that
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the symmetry of the shielding tensor of the phospho-
monoesters are sensitive to ionization state at least inso-
far as the differences between the dianionic and monan-
ionic forms are considered, and we conclude that the
phosphate moieties in the R- and T-state conformers ex-
ist in a similar ionization state in contrast to solution
state studies. Our results, however, do not exclude the
possibility of a protonation of the cofactor phosphate
upon binding of anionic substrates. Furthermore, sub-
ject to the assumption that the ground state electronic
distribution determines the orientation of the principal
axis system ofthe shielding tensor relative to the molecu-
lar frame and the further assumptions concerning the
motional modes used, we conclude that the species ex-
hibiting similar shielding tensor symmetry in both the
spectra of R- and T-states corresponds to the dianionic
form.
Professor R. K. Harris (University ofDurham) is gratefully thanked for
providing an independent analysis of the sideband spectrum arising
from the PLP-disodium salt. Discussions with the group of Dr. C. M.
Dobson (University of Oxford) are also acknowledged.
We thank the Natural Sciences and Engineering Research Council of
Canada for grants in support of this research.
Receivedfor publication 21 May 1992 and in finalform 8
October 1992.
REFERENCES
Barford, D., J. R. Schwabe, N. G. Oikonomakos, K. R. Acharya, J.
Hajdu, A. C. Papageorgiou, J. L. Martin, J. C. A. Knott, A. Vasella,
and L. N. Johnson. 1988. Channels at the active site of glycogen
phosphorylase b: binding and kinetics studies with the (l-glycosidase
inhibitor D-gluconohydroximo-1,5-lactone N-phenylurethane. Bio-
chemistry. 27:6733-6741.
Buckingham, A. D., and S. M. Malm. 1971. Asymmetry in the nuclear
magnetic shielding tensor. Mol. Biophys. 22:1127-1130.
Constella, A. J. R., T. Glonek, and J. R. Van Wazer. 1976. Phosphorus-
31 chemical shift variations with counter-cation and ionic strength
for the various ethyl phosphates. Inorg. Chem. 15:972-974.
Clayden, N. J., C. M. Dobson, L-Y. Lian, and D. J. Smith. 1986. Chem-
ical shift tensor analyses and simulations of slow-spinning
MASNMR spectra. J. Magn. Reson. 69:476-487.
Diverdi, J. A., and S. J. Opella. 198 1. Dynamics ofB-DNA in the solid
state. J. Mol. Biol. 149:307-311.
Duncan, T. M. 1990. A compilation ofchemical shift anisotropies. The
Farragut Press, Madison, WI. 9-19.
Feldmann, K., and W. E. Hull. 1977. 3P-Nuclear magnetic resonance
studies ofglycogen phosphorylase from rabbit skeletal muscle: ioni-
zation states of pyridoxal 5'-phosphate. Proc. Natl. Acad. Sci. USA.
74:856-860.
Fenzke, D., B. C. Gerstein, and H. Pfeifer. 1992. Influence of thermal
motion upon the lineshape in magic-angle spinning experiments. J.
Magn. Reson. 98:469-494.
Fischer, E. H., and F. G. Krebs. 1962. Muscle phosphorylase b. Meth-
ods Enzymol. 5:369-373.
Fletterick, R. J., and S. R. Sprang. 1979. The structure of glycogen
phosphorylase b at 2.5 A resolution. J. Mol. Bio. 131:523-551.
Gorenstein, D. G. 1975. Dependence of3P-chemical shifts on oxygen-
phosphorus-oxygen bond angles in phosphate esters. J. Am. Chem.
Soc. 97:898-900.
Gorenstein, D. G. 1984. Phosphorus-31 NMR. Academic Press, San
Francisco. 7-36.
Griffin, R. G. 1976. Observation of the effect of water on the 31P nu-
clear magnetic resonance spectra of dipalmitoyllecithin. J. Am.
Chem. Soc. 98:851-853.
Griffin, R. G., L. Powers, and P. S. Pershan. 1978. Headgroup confor-
mation in phospholipids: A phosphorus-3 1 nuclear magnetic reso-
nance study of oriented monodomain dipalmitoylphosphatidylcho-
line bilayers. Biochemistry. 17:2718-2722.
Harris, R. K., P. Jackson, L. H. Merwin, B. J. Say, and G. Hagele. 1988.
Perspectives in high-resolution solid-state nuclear magnetic reso-
nance, with emphasis on combined rotation and multiple-pulse spec-
troscopy. J. Chem. Soc. Farad. Trans. I. 84:3649-3672.
Herzfeld, J., R. G. Griffin, and R. A. Hakerkorn. 1978. Phosphorus-31
chemical shift tensors in barium diethyl phosphate and urea-phos-
phoric acid: model compounds for phospholipid head group studies.
Biochemistry. 17:2711-2718.
Herzfeld, J., and A. E. Berger. 1980. Sideband intensities in NMR
spectra of samples spinning at the magic angle. J. Chem. Phys.
73:6021-6030.
Hoerl, M. K., K. Feldmann, K. D. Schnackerz, and E. J. M.
Helmreich. 1979. Ionization ofpyridoxal 5'-phosphate and the inter-
actions of AMPS and thiophosphoseryl residues in native and suc-
cinylated rabbit muscle glycogen phosphorylase b and a as inferred
from 31P-NMR spectra. Biochemistry. 18:2457-2464.
Johnson, L. N., N. B. Madsen, J. Mosely, and R. S. Wilson. 1974. The
crystal structure of glycogen phosphorylase b at 6 A resolution. J.
Mol. Biol. 90:703-717.
Johnson, L. N., J. Hajdu, K. R. Acharya, D. I. Stuart, P. J. McLaugh-
lan, N. G. Oikonomakos, and D. Barford. 1989. Allosteric Proteins.
CRC Press Inc., Boca Raton, FL 81-127.
Johnson, L. N., and D. Barford. 1990. Glycogen phosphorylase. The
structural basis ofthe allosteric response and comparison with other
allosteric proteins. J. Biol. Chem. 265:2409-2412.
Kasvinsky, P. J., and N. B. Madsen. 1976. Activity of glycogen phos-
phorylase in the crystalline state. J. Biol. Chem. 251:6852-6859.
Kohler, S. J., and M. P. Klein. 1976. 3"P-Nuclear magnetic resonance
chemical shielding tensors ofphosphorylethanolamine, lecithin and
related compounds: application to head group motion in model
membranes. Biochemistry. 15:967-973.
Kubo, A., and C. A. McDowell. 1990. One- and two-dimensional 3'P-
cross-polarization magic-angle spinning nuclear magnetic resonance
studies on two-spin systems with homonuclear dipolar coupling and
J coupling. J. Chem. Phys. 92:7156-7170.
Lechter, J. H., and J. R. Van Wazer. 1965. Quantum-mechanical
theory of3'P-NMR chemical shifts. Top. Phosphorus Chem. 75-226.
Lechter, J. H., and J. R. Van Wazer. 1965. Theoretical interpretation
of 3`P-NMR chemical shifts. J. Chem. Phys. 44:815-829.
Maricq, M. M., and J. S. Waugh. 1979. NMR in rotating solids. J.
Chem. Phys. 70:3300-3316.
Mehring, M., R. G. Griffin, and J. S. Waugh. 1971. '9F-shielding ten-
sors from coherently narrowed NMR powder spectra. J. Chem.
Phys. 55:746-755.
McDermott, A. E., F. Creuzet, R. G. Griffin, L. E. Zawadzke, Q. E. Ye,
and C. T. Walsh. 1990. Rotational resonance determination of the
structure of an enzyme-inhibitor complex: phosphorylation of an
(aminoalkyl) phosphonate inhibitor ofD-alanyl-D-alanine ligase by
ATP. Biochemistry. 29:5767-5775.
McDowell, C. A., A. Naito, D. A. Sastry, and K. Takegoshi. 1988. "3C
and 31P chemical shielding tensors of a single crystal ofdipotassium
490 Biophysical Joumal Volume 64 February 1993
a-D-glucose-l-phosphate dihydrate. An application of a 3C- { 'H,
31p} triple resonance technique. J. Magn. Reson. 78:498-510.
Nall, B. T., W. P. Rothwell, J. S. Waugh, and A. Rupprecht. 1981.
Structural studies ofA-form sodium deoxyribonucleic acid: phospho-
rus-31 nuclear magnetic resonance of oriented fibres. Biochemistry.
20:284-290.
Opella, S. J., W. B. Wise, and J. A. Diverdi. 1981. Deoxyribonucleic
aciddynamics from phosphorus-31 nuclear magnetic resonance. Bio-
chemistry. 20:284-290.
Shindo, H., and S. B. Zimmerman. 1980. Sequence-dependent varia-
tions in the backbone geometry of a synthetic DNA fibre. Nature
(Lond.). 283:690-691.
Terao, T., S. Matsui, and K. Akasaka. 1977. 3P-Chemical shift anisot-
ropy in solid nucleic acids; J. Am. Chem. Soc. 99:6136-6138.
Tutanjian, P., J. Tropp, and J. S. Waugh. 1983. 3P-shielding tensor of
cytidine 5'-monophosphate. J. Am. Chem. Soc. 105:4848-4849.
Un, S., and M. P. Klein. 1989. Study of 3'P-NMR chemical shift ten-
sors and their correlation to molecular structure. J. Am. Chem. Soc.
111:5119-5124.
Viswamitra, M. A., B. S. Reddy, G. H-Y. Lin, and M. Sundaralingam.
1971. Stereochemistry of nucleic acids and their constituents XVII.
Crystal and molecular structure of deoxycytidine 5'-phosphate
monohydrate. A possible puckering for the furanoside ring in B-
deoxyribonucleic acid. J. Am. Chem. Soc. 93:4565-4573.
Withers, S. G., N. B. Madsen, and B. D. Sykes. 1981. The active form
of PLP in glycogen phosphorylase. A 3'P-NMR investigation. Bio-
chemistry. 20:1748-1756.
Withers, S. G., N. B. Madsen, and B. D. Sykes. 1982. Covalently "acti-
vated" glycogen phosphorylase. A phosphorus-31 nuclear magnetic
resonance and ultracentrifugal analysis. Biochemistry. 21:6716-
6722.
Withers, S. G., N. B. Madsen, S. R. Sprang, and R. J. Fletterick. 1982.
Catalytic site of glycogen phosphorylase: structural changes during
activation and mechanistic implications. Biochemistry. 21:5372-
5382.
Withers, S. G., N. B. Madsen, and B. D. Sykes. 1985.3'P-NMR relax-
ation studies of the activation of the coenzyme phosphate of glyco-
gen phosphorylase. Biophys. J. 48:1019-1026.
Challoner et al. 31P-NMR of the Allosterc Transition in Glycogen Phosphorylase b 491
